Introduction
Ulrich Gösele's scientific career started in the mid-1970s with his theoretical contributions to the understanding of point defects diffusion in solids (1) (2) (3) . In his first paper, he employed rate equation approach, diffusion theory, and computer simulations to elucidate the migration of interstitials in f.c.c metals in the presence of radiation damage (1) . In the late 1970s and early 1980s he investigated the nucleation of voids in irradiated solids as well as the interaction of vacancies and interstitials with the growing voids (4) . A few years later, Gösele and co-workers published the first paper dealing with semiconductor wafer bonding (5) . In that work, the authors addressed the influence of oxygen diffusion and interfacial oxide layers on silicon wafer bonding, which marked the beginning of Gösele's two-decade long journey in the science and technology of semiconductor wafer bonding. His contributions to the field extended to cover the basic understanding of the bonding mechanisms as well as the optimization of different engineering steps involved in the application of direct wafer bonding for a wide variety of materials (6) .
Combined together, the aforementioned research areas (i.e., irradiation-induced defects, voids growth in solids, and wafer bonding) constitute the basics of the SmartCut TM technology -a brilliant idea of Michel Bruel (7) . This process -commonly known as ion-cut -is an elegant way to cleave fine monocrystalline layers by inducing, through the implantation of light energetic ions (e.g., H and/or He ions), a mechanically weak zone a few hundred nanometers below the surface of the donor wafer, as illustrated in Figure 1 . The implanted wafer is then bonded to a handle wafer, and the obtained pair is subjected to thermal annealing at a temperature in the 200-500°C range. During annealing, the interaction of the implanted species with radiation-induced point defects acts as an atomic scalpel, producing voids and extended internal surfaces in terms of pressurized microcracks parallel to the bonding interface. This leads to the splitting and transfer of a thin monocrystalline layer with a thickness roughly equivalent to the implantation depth. The layer transfer takes place successfully only if the donor/handle wafer bonding interface remains stable during thermal annealing. This ion-cut process is currently used for the industrial production of Si-in-insulator (SOI) and Ge-on-insulator (GOI) wafers with diameters up to 300 mm (7) (8) (9) (6) , research groups at Duke University and at MPI-Halle (both led by Gösele) as well as at SOITEC/LETI, UCLA, UCSD, and Caltech have intensively investigated the basics of the ion-cut process and reported successful demonstrations of thin layer transfer from compound semiconductors and complex oxides wafers (10) (11) (12) (13) (14) (15) (16) (17) . Unlike the well established fabrication of SOI wafers, the stress induced by the thermal mismatch remains a serious obstacle for the application of the ion-cut to fabricate large-diameter semiconductor heterostructures. As demonstrated by the group at MPI-Halle, coating donor substrates with a thin spin-on-glass (SOG) layer before bonding to thermally oxidized Si(001) handle wafers leads to a very high surface energy, which helps to alleviate thermal stress-induced debonding (18) . However, the advantage of SOG is diminished (if not canceled) by the fact that the fabricated heterostructures cannot sustain high temperature in subsequent epitaxy and device fabrication because of Figure 1 : Schematic illustration of thin-layer transfer by the ion-cut process. A mechanically weak zone is produced underneath the surface of the donor wafer by using H and/or He ion implantation. After bonding and annealing, subsurface microcracking takes place, leading to the lateral cleavage of the whole substrate around the implantation depth parallel to the surface. In the absence of the handle wafer, the implanted substrate becomes bookmarked with dome-shaped blisters. outgassing issues associated with the SOG material. Appropriately annealed SiO 2 , for instance grown by plasma enhanced chemical vapor deposition (PECVD), would be the suitable interlayer for high-temperature processing. However, due to the relatively lower surface energy in the case of SiO 2 -to-Si hydrophilic bonding, thermal stress problems will have greater impact. Here the bonded wafers can debond and even break upon the thermal annealing necessary to activate splitting. In some cases, bonding and annealing under a compressive force are efficient in compensating for interfacial stress. Figure 2 displays cross-sectional images of a variety of heterostructures fabricated on the wafer level (4 inch and larger) at MPI-Halle using the ion-cut process. The "Smarter-Cut": The Idea and the Underlying Physics
Gösele's first contribution (and possibly one of the most significant contributions) to the area of the ion-cut had to do with the development of a process that reduces both the thermal budget and the optimal fluence for silicon thin layer transfer. He coined this process the "Smarter-Cut" (19, 20) . This process is based on the presence of boron (B) at high concentration in silicon donor wafer prior to H ion implantation. In fact, Gösele and co-workers have discovered that Si wafers uniformly doped at the level of 2 × 10 20 B/cm 3 display 10 times faster blistering kinetics than undoped or n-type Si, but with the same activation energy (E a = 1.2 eV for 1 × 10 17 H/cm 2 at 50 keV). This is illustrated in Fig. 3 . Alternatively, different B ion doses were implanted in undoped Si prior to H ion implantation. For B doses above 10 15 B/cm 2 , the blistering temperature was reduced from 340 °C to 280 °C as shown in Fig. 4 . Curiously, the effect was 50% weaker if the boron was electrically activated by high temperature annealing prior to H ion implantation. This "Smarter-Cut" approach has successfully been used to transfer silicon layers from silicon wafers onto severely thermally mismatched substrates such as quartz or sapphire (20 Another variety of the "Smarter-Cut" consists of the introduction by homoepitaxy of heavily B-doped layer (delta-layer) followed by undoped Si on top (21) . For a deltalayer with a doping of 6 × 10 14 B/cm 2 , Kilanov et al. found a 100× faster blistering and a reduction in the activation energy E a from 1.3 to 0.8 eV (suggesting a switch from the "low temperature" to the "high temperature" regime). They also state that the blisters were smaller but more numerous, implying a higher density of nucleation sites and also a higher pressure. These observations suggest that a highly localized B-doped layer is particularly effective in blistering facilitation. Interestingly, Kilanov et al. observed a quasi continuous narrow layer of microcracks at the B delta-layer depth after annealing for 2 h at 200 °C only, whereas without B-layer only a wide region of scattered microcracks was found (21) . This is consistent with earlier observations using crosssectional transmission electron microscopy of a large density of (001) platelets (20 As a Ph.D. student at INRS-EMT (University of Quebec), I had the opportunity to contribute to the elucidation the atomic processes involved in both varieties of the ion-cut (22) (23) (24) (25) . Figures 5 and 6 summarize the key transformations in H-related complexes as well as the role of B doping in facilitating silicon ion-cleaving. These critical transformations were obtained by micro-Raman scattering spectroscopy. Immediately after the implantation (Figure 5 ), the Raman spectrum of the undoped silicon culminates around 2025 cm -1 ; this peak is associated with V 2 H 1,2 , the singly or doubly hydrogenated divacancy. It sits on an intense broadband extending from 1900 to 2050 cm -1 . This broadband is attributed to weakly passivated multivacancies V n H m , m n, and it results from the high amount of damage and disorder introduced by the energetic ion implantation process. The high frequency region (k 2050 cm -1 ) shows peaks at 2180, 2208 and 2235 cm -1 . The first is identified with VH 3 or V 2 H 6 and the last two with VH 4 ; these high frequency complexes constitute highly passivated vacancy defects. There is also a peak around 2120 cm -1 . Its wavenumber is slightly higher than that from Hpassivated clean flat Si(001) surfaces in vacuum (2088-2099 cm -1 ), and it is naturally attributed to internal H-passivated surfaces (labeled Si(001):H) on which diverse defects explain the shift in frequency (22) . For B-doped silicon, Raman spectrum recorded immediately after the implantation ( Figure 5 ) displays strong qualitative difference with respect to the spectrum of Si-H modes (i.e., H-related complexes) in undoped silicon. In particular, the low frequency broadband is weak; this fact is consistent with the observation that the atomic displacement damage measured by Rutherford , 33 (4) 625-635 (2010) backscattering/channeling is weaker in B-doped than in undoped Si (26 Let us now consider the thermal evolution of H-related defects throughout Smartand Smarter-Cut processes ( Figure 6 ). For undoped silicon, upon annealing to 200 °C, nothing significant happens. Slightly below 300 °C, however, the low frequency broadband collapses while the high frequency features VH 3 /V 2 H 6 and Si(001):H more and more clearly emerge until blisters appear around 450 °C; at 470 °C only the expected Si(001):H due to internal surfaces and the surprisingly persistent VH 3 /V 2 H 6 remain. Of course, the Si(001):H signal would presumably be even higher, were it not depleted by the evaporation of some of that chemisorbed H into the blister cavities. For B-doped Si, upon annealing to a temperature as low as 200 °C, the low frequency modes are totally gone, one is left exclusively with the highly passivated HF modes. Blisters appeared at 350 °C. At 400 °C, one can see that the 2120 cm -1 peak (Si(100):H) has shifted down to ~2100 cm -1 , i.e., closer to that for perfect surfaces under vacuum; this is an indication of an improvement in the quality of the internal surfaces and may again be related to weaker damage in B-doped Si (26) . Not only VH 3 /V 2 H 6 but also VH 4 remain strong up to 500 and 425 °C, respectively. Thus one can conclude that the implant conditions favorable to low temperature and low dose blistering are associated with as-implanted Raman spectra dominated by the highly passivated high frequency modes. It is deduced from this mechanistic picture that the degree of defect passivation is one of the most critical factor for ion-induced thin layer splitting. Moreover, the presence of B appears to limit the chemical role of H, which is expected to stabilize the produced point defects (27) . It is plausible that the trapping of large quantity of H near B atoms (28) is behind the limited ECS Transactions, 33 (4) 625-635 (2010) the amount of H available to passivate point defects thereby reducing the radiation damage that survives in H-implanted B-doped silicon. 
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The Last Correspondence: Why is GaN Ion-Cleaving Fundamentally Different?
A few hours before his sudden passing, I received an email from Gösele asking for the arguments behind my claim that GaN ion-cleaving is fundamentally different from the intensively investigated Si. The discussion was part of a review article that we were in the midst of submitting (29) . That article focuses on the application of the ion-cut to cleave compound semiconductors. In the following, I describe the experimental data that support to the aforementioned conclusion (29) (30) (31) (32) .
For GaN, H ion implantation with a fluence 2.6 × 10 17 H + /cm 2 is needed to achieve thin layer transfer. Implantation below this critical fluence does not produce any blistering even after annealing for long durations at temperatures as high as 900 ºC. This very high critical fluence is one of the most striking differences between GaN and other semiconductors in which a few 10 16 H + /cm 2 is sufficient to induce the exfoliation. Supported by studies of damage build-up in GaN implanted with different ions (e.g., C, , 33 (4) 625-635 (2010) Si, Au, etc) (33), several authors have postulated that the high critical fluence is attributed to a very efficient dynamic annealing of point defects in GaN (34) (35) (36) (37) . This explanation stands in sharp contrast to the blistering behavior of GaN implanted with H at low temperature. In fact, no change in the critical fluence is observed when the implantation is carried out at liquid nitrogen temperature at which the dynamic annealing of point defects is significantly reduced (34) . In contrast, low temperature implantation was found to increase the thermal budget indicating that a larger accumulation of defects makes actually the blistering even harder to trigger (34) . Therefore, it appears to be inaccurate to attribute the high critical fluence to a pronounced dynamic annihilation of the implantation-induced point defects. The extrapolation of data obtained with other ions to the H case can be fraught with uncertainty. In fact, one has to consider the chemical reactivity of H and the stabilizing effect of dangling bond passivation in addressing defect dynamic annealing and damage build-up in H-implanted semiconductors (27) . Alternatively, the intrinsic mechanical properties as well as the nature of H-induced defects may be critical in determining the fluence of H ions needed to cleave GaN. Another peculiarity of GaN is the absence of the synergistic effect upon successive implantations with He and H ions in both orders, which was efficient in reducing the critical fluence and thermal budget in other semiconductors. Intriguingly, we found that the implantation of He alone requires the same critical fluence as H. Also, this critical fluence does not vary when highly p-doped GaN is used instead of undoped GaN. Note that in Si, as mentioned in the previous section, the critical fluence decreases greatly for highly p-doped substrates. These phenomenological observations suggest that the ioninduced exfoliation may be fundamentally different in GaN as compared to the well studied semiconductors. Figure 7 shows the evolution of the displacement fields measured by ion-channeling as a function annealing temperature. For Si (Fig. 7a) , the ion-channeling spectra show basically two features. The first is a peak roughly centred around the mean H-ion range. Its classic interpretation would be that it reflects the location of the interstitial defects. However, the height of this peak increases after heating at 300 °C and even more so at 400 °C, contrary to the normal effect of annealing; it does not decrease appreciably until 600 °C, well above the blistering temperature (~475 °C). This reverse annealing has been observed from the very beginning in H-implanted Si (24) . Since heating can hardly create new selfinterstitials, this effect shows that some other type of defect is involved. Such an atomic displacement field can in fact be due to a strong localized deformation of the lattice and not only to interstitials and clusters. Unlike Si, the reverse annealing is not observed in GaN (Fig. 7b) . The second feature in the spectra is an enhancement in backscattering yield above the virgin level beyond the implanted zone. This is called dechannelling and it is due to the Į particles (used in ion-channeling) that have been scattered out of the channel and behave as random ions for the rest of their trajectories. Dechannelling saturates at 400 °C. The same kind of defect that has given rise to the direct backscattering can cause dechannelling as well. Again this second feature is not detected in GaN spectra (Fig. 7b) . Figure 8 displays Doppler broadening (or S parameter) spectra of H-implanted Si and GaN measured using positron annihilation spectroscopy (PAS). In PAS, the line shape of the Ȗ-ray is determined by the electron momentum distribution. In regions distant from atomic nuclei, such as vacancies or voids, the line has no high momentum tail. The S-parameter measures the "sharpness" of the line, so it takes higher values in vacancies and cavities. By varying the incident positron energy, its penetration depth is changed, and a depth profile of cavities can be deconvoluted. In Si (Fig. 8a) , the "open volume" increases up to 350 °C, dips slightly at 400 °C, and increases again up to 550 °C. This increase in the open-volume defects precede the formation of extended internal surfaces leading to thin layer splitting. In GaN, the evolution of S parameter is very different (Fig. 8b) . In fact, only weak increase in open-volume defects is observed during thermal annealing. Therefore, one can conclude that the voids necessary for the splitting of GaN seem to assemble dynamically during the implantation process. Both ionchanneling and PAS data demonstrate that there are no universal mechanisms of the ioncut process. Here the nature of defects and their evolution play the critical role.
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Final Comments
Ulrich Gösele was admired for the keenness of his mind, his natural capacity, passion and commitment. He was always transported by what he was doing be it a complex physics problem or a simple technical issue. Most importantly, he was never locked in that linear metaphor that wants us to consider research as a set of mechanisms in which scientists are a simple toolbox. He managed with brilliance to seal against this linear mindset and brought connections, relationships, and sensibilities and built his team
